Primary sensory cortices are remarkably organized in spatial maps according to specific sensory features of the stimuli. These cortical maps can undergo plastic rearrangements after changes in afferent (''bottom-up'') sensory inputs such as peripheral lesions or passive sensory experience. However, much less is known about the influence of ''top-down'' factors on cortical plasticity. Here, we studied the effect of a visceral malaise on taste representations in the gustatory cortex (GC). Using in vivo optical imaging, we showed that inducing conditioned taste aversion (CTA) to a sweet and pleasant stimulus induced plastic rearrangement of its cortical representation, becoming more similar to a bitter and unpleasant taste representation. Using a behavior task, we showed that changes in hedonic perception are directly related to the maps plasticity in the GC. Indeed imaging the animals after CTA extinction indicated that sweet and bitter representations were dissimilar. In conclusion, we showed that an internal state of malaise induces plastic reshaping in the GC associated to behavioral shift of the stimulus hedonic value. We propose that the GC not only encodes taste modality, intensity, and memory but extends its integrative properties to process also the stimulus hedonic value.
Primary sensory cortices are remarkably organized in spatial maps according to specific sensory features of the stimuli. These cortical maps can undergo plastic rearrangements after changes in afferent (''bottom-up'') sensory inputs such as peripheral lesions or passive sensory experience. However, much less is known about the influence of ''top-down'' factors on cortical plasticity. Here, we studied the effect of a visceral malaise on taste representations in the gustatory cortex (GC). Using in vivo optical imaging, we showed that inducing conditioned taste aversion (CTA) to a sweet and pleasant stimulus induced plastic rearrangement of its cortical representation, becoming more similar to a bitter and unpleasant taste representation. Using a behavior task, we showed that changes in hedonic perception are directly related to the maps plasticity in the GC. Indeed imaging the animals after CTA extinction indicated that sweet and bitter representations were dissimilar. In conclusion, we showed that an internal state of malaise induces plastic reshaping in the GC associated to behavioral shift of the stimulus hedonic value. We propose that the GC not only encodes taste modality, intensity, and memory but extends its integrative properties to process also the stimulus hedonic value.
chemical senses ͉ map plasticity ͉ taste coding S ensory cortical processing is achieved in complex networks composed of millions of neurons. These networks are topographically organized in functional domains, reflecting the spatial distribution of peripheral sensory receptors. Consequently, cortical processing can be visualized in 2D functional maps at the cortical surface.
The capacity for plasticity of cortical areas is one of the most salient features to explain development, learning, or recovery of function. In sensory regions, plasticity changes have been shown to occur during both development and adulthood (1, 2) . Most previous studies reporting map plasticity are associated with changes in afferent sensory inputs (or ''bottom-up'' inputs), such as peripheral input impairments or lesions (1) , passive sensory experience (3), or sensory training (4, 5) . Few reports indicated that topographical plasticity can occur while maintaining constant the bottom-up sensory inputs and varying ''top-down'' factors, such as task demands (6) or associative learning (7, 8) . These forms of plasticity, however, have been much less investigated.
A specific form of associative learning plasticity that does not involve changes of the peripheral input is achieved by conditioned learning in which the response to a conditioned sensory stimulus (CS) is modulated by a strong unconditioned cue (US). An efficient paradigm of conditioned learning experience is given by conditioned taste aversion (CTA), where a subject learns to avoid a taste stimulus (CS) paired with visceral malaise (US) (9), even after a single learning procedure (10) . The primary gustatory cortex (GC) is an important part of the brain circuitry involved in CTA acquisition, long-term retention, and extinction (10) (11) (12) . The GC therefore constitutes an ideal region to investigate sensory maps plasticity after conditioned learning. Recently, we studied the spatial representation of taste modalities in the GC (13) . Taste maps differ across modalities and seem to contain also information about the pleasantness (or hedonic value) of the stimulus. Electrophysiological recordings from small ensembles of cortical neurons in awake rodents have shown that GC neurons are modulated by stimulus pleasantness in their late responding phase (14) . However, it is still unknown whether the hedonic value might be represented in the activation of a large population of GC neurons.
Here, we addressed two important questions. First, we wondered whether a specific internal state of malaise associated to a taste stimulus induced sensory map plasticity. Second, we explored whether this potential plasticity could be directly related to the behavioral shift of the stimulus hedonic value induced by the internal state. These questions on taste maps plasticity and hedonic value representation were addressed by using a CTA learning and subsequent extinction paradigm coupled with intrinsic signal imaging (15) . We conditioned the aversion to a pleasant stimulus, saccharin (used as a CS), and compared its cortical representation to the response elicited by a reference aversive bitter compound, quinine. We show that the CS taste maps are plastic and that they rearrange according to the shift of the CS hedonic value, both in the CTA acquisition (where CS becomes aversive) and extinction (CS is attractive again) learning phase.
Results
Conditioning the Aversion to a Pleasant Taste Stimulus. The artificial sweetener saccharin is greatly attractive to rodents and proves to be a very efficient CS in CTA paradigm when it is paired with a lithium chloride (LiCl) injection as an US (12) . To test the strength of the conditioning in our animals, after 3 days of training with distilled water, saccharin was presented to the rats and coupled 30 min later with i.p. injection of LiCl (CTA group, Fig. 1A ) or saline (CS-Ctrl group). To study the possible effects of the malaise inducing agent on its own, we added another control group of animals injected with LiCl but with no saccharin pairing (US-Ctrl group). In the next 2 days after conditioning (TD1 and TD2), the rats of the CTA group displayed a robust aversion to saccharin (Fig. 1B) , whereas the control rats strongly preferred saccharin to water (Fig. 1B) . Therefore, an evident behavioral shift of saccharin pleasantness (or hedonic value) was only produced in the CTA group.
Plasticity of Cortical Representation After CTA. After inducing a shift in the hedonic value (from positive to negative) of the CS, we examined whether the CS-US pairing would affect the cortical representation of the tastant used as CS. We exposed the area of the insular cortex that was functionally defined as the primary GC ( Fig. 2A Left) and we conducted in vivo intrinsic optical imaging to map functional activity in the GC (Fig. 2 A Right) (13) . Rats of CTA (n ϭ 8), CS-Ctrl (n ϭ 8), and US-Ctrl (n ϭ 5) groups were imaged on test day 2 (however, similar results were also obtained on TD1, n ϭ 4, data not shown) when there was a significant difference of the saccharin preference among the groups (Fig. 1B , two-tailed t test, P CTA/CS-Ctrl Ͻ 0.002, P CTA/US-Ctrl Ͻ 0.006). Each animal was delivered repeated applications of two tastants of opposed hedonic values (if not conditioned): saccharin, sweet and palatable, and quinine, as a reference bitter unpalatable stimulus. We studied tastant-evoked cortical representation of these two taste stimuli in the GC in CS-Ctrl and CTA rats (Fig. 2 B and C respectively) . As shown (13), we found in the CS-Ctrl rats that sweet and bitter tastants are represented by distinctive spatial patterns with some common cortical territories (Fig. 2B) . Interestingly, in the CTA group the same taste stimuli induced more similar activated regions (Fig. 2C) .
For quantification, we compared quinine and saccharin maps similarity in each animal, computing the correlation coefficient (CC) between the two tastant-evoked cortical representations. We found that the CC was significantly higher in the CTA group than in the control groups ( Fig. 2D ; CS-Ctrl, 0.34 Ϯ 0.10; CTA, 0.63 Ϯ 0.05; US-Ctrl, 0.17 Ϯ 0.14 paired two-tailed t test, P CTA/CS-Ctrl Ͻ 0.03, P CTA/US-Ctrl Ͻ 0.005, and P CS-Ctrl/US-Ctrl ϭ 0.38). As a control of plasticity specificity, the correlations between tastants (all applications of saccharin and quinine) and no stimulus (P CTA/CS-Ctrl ϭ 0.10, P CTA/US-Ctrl ϭ 0.83, and P CS-Ctrl/US-Ctrl ϭ 0.18) or between tastants and distilled water (P CTA/CS-Ctrl ϭ 0.69, P CTA/US-Ctrl ϭ 0.38, and P CS-Ctrl/US-Ctrl ϭ 0.23) were not significantly different in the three groups considered.
In conclusion, GC taste maps of saccharin are modified by the association with internal malaise. Interestingly, consistent with previous studies showing that LiCl injection did not induce the expression of the activation marker c-fos in the GC (16) (17) (18) , the malaise itself does not induce significant changes in the correlations between saccharin and quinine patterns (P CS-Ctrl/US-Ctrl ϭ In the following test days (TD1 and TD2), a preference test for distilled water (Wat.) over saccharin (Sac.) was performed. On TD2, after the preference evaluation, animals were anesthetized, and in vivo gustatory cortex imaging was conducted (ID, yellow). (B) Aversion index (water over total fluid intake) histograms proving CTA induction to saccharin. The dotted line represents no preference between the two solutions. Control animals showed a strong preference for saccharin, whereas the CTA animals associated saccharin with the malaise and exhibited a strong aversion to it ( * , unpaired t test comparison with control groups at least P Ͻ 0.006). 0.38). On the contrary, the higher correlation between saccharin and quinine in the CTA group indicates that the cortical territories activated by the two tastants are more similar and this might directly be associated to the shift of tastant (CS) hedonic value, supporting the view of the GC as an important site for processing taste hedonics (13, 14, 19) .
Extinction of CTA Induces a New Rearrangement of Cortical Maps.
Experimental extinction represents the behavioral decline of the conditioned response when the subject is repeatedly exposed to the CS without US reinforcement. Under these conditions, the animal learns that the CS is not noxious. To test the hypothesis that cortical maps could change again, we first exposed the animals to the choice between saccharin and distilled water for 9 consecutive days after conditioning (Fig. 3A) . We found, as expected, that the CTA group had a higher aversion index when compared with the CS-Ctrl group (ANOVA F (1,6) ϭ 9.41, P Ͻ 0.02). However, we observed a progressive decline of saccharin aversion in the CTA group ( Fig. 3B ; ANOVA F (8, 48) ϭ 3.57, P Ͻ 0.003). By test day 9 (TD9), we observed Ͼ80% recovery of natural saccharin preference, the aversion index being no longer significantly different when compared with the CS-Ctrl group ( Fig. 3B ; posthoc LSD test, P ϭ 0.14).
After 9 days, CTA rats exhibited a complete extinction of the aversion to saccharin and are referred as extinction group (EXT). Rats of the extinction group (n ϭ 8) were imaged at TD9 to determine how this learning process affected cortical taste representation. Similar to the CTA and the control groups, we compared the saccharin and quinine responses. In the example shown (Fig. 3C) , the two taste stimuli induced quite distinct patterns of activation in the GC. The CC between saccharin and quinine were calculated for all of the animals belonging to the EXT group and the values compared with the ones of the CS-Ctrl and CTA groups. The results show that there was no significant difference between the control unconditioned animals and the ones that experienced extinction after CTA acquisition (right histograms of Fig. 3D , two-tailed t test, P ϭ 0.61). In contrast, the patterns of two stimuli were significantly less correlated in the EXT than in the CTA group (two-tailed t test, P Ͻ 0.008). As a control, no difference between the groups resulted from the CC of either taste versus no stimulus (CS-Ctrl/EXT P ϭ 0.18; CTA/EXT P ϭ 0.53) or taste versus water (CS-Ctrl/EXT P ϭ 0.37; CTA/EXT P ϭ 0.62) comparisons. We also observed changes in the saccharin pattern between CS-Ctrl and EXT group, but the interanimal variability typical of GC intrinsic signals could not allow establishing whether extinction is clearly represented by a different topographical configuration with respect to the unlearned state.
In summary, after CTA extinction cortical representations of saccharin and quinine are more distinct, and this could be again related to the new shift in the hedonic value of the CS.
Discussion
In the present study, we combined CTA learning paradigm with intrinsic signal imaging to investigate how conditioned learning (coupling a taste stimulus with an internal state of malaise) impacts directly on primary sensory maps (taste maps). We took advantage of the unique features of the central taste system where changes in internal body states, such as satiety (20) or visceral malaise (16, 19) have a direct influence on primary GC neuronal responses.
CTA Acquisition and GC Maps Plasticity. Compared with other forms of learning induced plasticity, the induction of CTA to saccharin by coupling the first delivery of the stimulus with visceral malaise caused relatively fast cortical topographical remapping (21) . In fact, we observed that a single CS-US coupling could induce changes in the CS cortical intrinsic responses.
Our results are in general agreement with learning-induced cortical map plasticity reported in other sensory areas (1, 22) . Training involving peripheral stimulation usually modifies the relative representation in primate auditory cortex (5) or in somatosensory cortices of both humans (23), nonhuman primates (24) , and rodents (4, 25) . However, unlike the above cited studies, in our experiments maps rearrangement is caused not by a modification in the stimulus-receptor interaction at the periphery (the bottom-up inputs) but rather by viscero-gustatory interaction that might occur from top-down modulations in early brainstem relays, such as the nucleus of solitary tract (26, 27) , the parabrachial nucleus (28, 29) , or CTA-related forebrain centers, such as basolateral amygdala (10) and primary GC (11, 12) .
Only a few studies report plasticity of sensory maps after conditioned learning. In rat auditory cortex, Weinberger et al. (8) Fig. 3 . Cortical representation after CTA extinction. (A) Schema of the behavioral paradigm. After the conditioning day (CD), CS-Ctrl and CTA rats were subjected to a preference test for water over saccharin for 9 consecutive days (TD1 to TD9) until at least 80% of Sac reacceptance was reached (with respect to the average CS-Ctrl intake of Sac). On TD9, after the preference evaluation, an animal was anesthetized, and in vivo gustatory cortex imaging was conducted (ID). (B) Aversion index curves for CS-Ctrl (black circle) and CTA (white circle) rats. Note the progressive extinction of saccharin aversion in the CTA group (ANOVA F (8, 48) reported a shift of the best responding frequencies of neurons in the direction of the CS frequency (frequency paired with electrical shock) and observed long-term retention of the receptive field plasticity. In another study, a stimulation of a whiskers row (CS) was paired with a tail shock (US) (7) . The representation of these whiskers in the primary somatosensory cortex was expanded with respect to the unconditioned animals. In the gustatory maps, we reported a rearrangement of the saccharin (CS) pattern with respect to the quinine reference rather than a simple expansion/shrinking.
The anatomical substrates responsible for CTA were established in ref. 10 . The association between CS and US is likely to happen at the brainstem level, in the parabrachial nucleus, the US-relevant (visceral) information is transmitted to the amygdala and then to the cortex via glutamatergic projections (30) , whereas taste-related information follows a classical brainstemthalamic pathway (31) . The role of the insular cortex (containing primary GC) in CTA has been the topic of several studies (12, 21) . Electrophysiological recordings in the GC showed that some neurons vary their response pattern before and after CTA (19, 32) . Cortical lesions studies demonstrated that the insular cortex (that contains the GC) is important for CTA acquisition (11, 33) , although some particular insular lesions only partially disrupt CTA (34) . However, the consensus is that GC is necessary for an effective acquisition of CTA (12) . Approaches aimed to unravel the molecular machinery of taste learning established that GC is fundamental for the formation of short-and long-term aversion memories (35) (36) (37) (38) (39) (40) . The changes we observed in the saccharin activated patterns between the control and the CTA rats might therefore be explained by a long-term retention of saccharin aversion.
CTA Extinction and GC Maps Plasticity. When presented for several days with the CS (saccharin) in the absence of US (LiCl), the animals resumed the normal level of saccharin consumption, thus extinguishing the aversion (Fig. 3) . Under this condition, we found that the activation pattern of saccharin and quinine again became decorrelated. We note, however, that the rearrangement of the GC maps after extinction may not represent a reversal of the CTA and thus a return to the unlearned (CS-Ctrl) state. Indeed, a debate has emerged regarding the extent to which extinction represents unlearning or new learning (41, 42) . Interestingly, the two studies that reported sensory map plasticity after conditioned learning in auditory (8) and somatosensory (7) cortices, both observed a complete reversal in the neural responses with extinction. In CTA, responses in the nucleus of solitary tract examined by using c-fos-like immunoreactivity (c-FLI) showed a reversal of c-FLI expression after extinction of sucrose aversion (27) . Nevertheless, recent reports presented strong evidence for extinction as a learning process that provides the CS with a new meaning. The effects of CTA to saccharin in neurons recorded from the nucleus of solitary tract were not fully reversed with extinction: a burst of activity (typical of the CTA state) was still present in a subset of cells of the EXT but not of the CS-Ctrl animals (43) . In addition, at the GC level, both molecular machinery involved (44) and c-FLI expression (45, 46) characterized extinction as a specific learning state. The changes we observed between the CS-Ctrl and EXT saccharin patterns might support this second interpretation of the extinction state, but the inter-animal variability was too high to reach a significant conclusion on this point.
GC and Hedonic Value Representation. CTA is a very effective paradigm that can be used to modify the pleasantness (or hedonic value) of a taste stimulus. A sweet and innately preferred compound such as saccharin can therefore become aversive after its coupling with visceral malaise. By comparing the CS activation pattern to the response produced by a reference aversive compound in the same animal, we could directly assess whether the spatial responses contained some information related to tastant hedonic value. In a previous study, we measured cortical intrinsic responses in naive rats after taste stimulation with four compounds, two eliciting preference behavior (salt and sweet) and two provoking rejection (bitter and sour). We found that similar hedonic value compounds induced more similar responses than compounds with a different hedonic value, suggesting a role of the GC in processing tastant hedonics (13) .
The present results confirm and integrate this view. The relative cortical response to saccharin changes in the three conditions examined (CS-Ctrl, CTA, and EXT, see Fig. 4 for a schematic view) and presents the highest correlation with the pattern of the aversive compound in the CTA group (Fig. 2D) . Because the taste modality should remain unchanged (saccharin will interact with the same receptors at the periphery), changes in correlation are directly related to shifts of the perceived hedonic value of the compound. Therefore, our results suggest that spatial cortical patterns in the GC are important for taste modality discrimination (13) and contain direct information on the palatability of the compound. Evidence for hedonic processing in the GC comes from early electrophysiological recordings in behaving rats, suggesting that the GC contains both taste-modality and taste-hedonic responding neurons (19) . In addition, analyzing the temporal firing patterns of GC neurons from awake rats, Katz et al. (14) found that some neurons could contain somatosensory, taste modality, and hedonics information according to the specific response time window with the palatability component having a late onset (after 1.2 s from the stimulus) and a long duration (Ͼ1 sec). We included this entire time window in our averaged cortical response, and we show that a shift in the hedonic value induces a change in the activation of a large neuronal population in the GC (Fig. 4) . It is important to note that intrinsic signals do not permit the distinction among the fast somatosensory, the chemosensory responses, and slower hedonic or adaptive components that are known to be present in the GC. Intrinsic signals are characterized by a decrease in light reflectance over time that reaches its peak between 2 s and 4 s from stimulus onset (13, 15, 47) and have a very different time-course from that of the evoked electrical activity (15) . Of course, its main advantage is that it gives very good spatial information on functional activation, but it is not suitable to investigate temporal dynamics.
Strong evidence suggests that GC is not the first site in the taste pathway where hedonic value is assessed. In CTA exper- Fig. 4 . Relationship between behavioral state and cortical state in the gustatory cortex. In a naïve (i.e., control) rat, cortical representations of the hedonically positive (saccharin) and negative (quinine) tastants are quite different, although common activated cortical territories exist (in yellow). After pairing a malaise to the ingestion of saccharin, the rat displays a strong aversion to saccharin. The change in hedonic value of saccharin is associated to a change of its cortical representation that becomes more similar (high correlation) to the quinine one. After saccharin aversion extinction, the hedonic value of saccharin is positive again, and its cortical map is again less similar (low correlation) to quinine. Note that the new representation of saccharin after extinction may not be a simple return to the one before conditioning.
iments done in rats with GC lesions (48) , animals could still generate aversive responses to avoid unpleasant tastes. In a series of studies using c-FLI expression, Yamamoto et al. (29) conditioned rats to saccharin aversion and individuated subnuclei in the parabrachial nucleus responding only to the hedonic value of the stimulus, with other regions responding to the pure taste modality. Despite the evidence that hedonic value might be determined in the brainstem, altogether the imaging and electrophysiological approaches demonstrate that the GC distinguishes between positive and negative hedonics, although it does not seem to possess an area exclusively dedicated to this processing.
In general, our study adds an important evidence for the view of the GC as a processing site of multiple taste attributes (modality, texture, and viscosity) (49), including taste hedonics and taste memories (21, 50, 51) . Modulation of GC responses by internal states was recently reported at a single cell level (20) . By the means of intrinsic imaging, we show that visceral modulations induce a large neuronal ensemble plasticity that signals a shift in tastant hedonic value associated to behavioral shift of the stimulus hedonic value. We propose that general changes in internal body state, such as visceral malaise, stress, or hormonal levels, may also affect cortical representations and functions that may be the source of some food intake disorders.
Materials and Methods
Animals. The experiments were performed on Wistar rats (Charles River Laboratories) housed in a temperature-controlled room and maintained on a 12-h/12-h light/dark cycle. All animal protocols conformed to the Swiss Federal laws.
Behavior. To assess the potential impact of visceral modulations on cortical representations, we used a conditioned taste aversion (CTA) learning paradigm. In CTA, the animal learns to avoid ingesting a taste solution that has been paired with malaise (12) . Saccharin (Sac) (0.1% wt/vol, representing a 5 mM concentration, sodium salt) was used as conditioned stimulus (CS) paired to LiCl (0.15 M, 2% body weight, i.p.) as the malaise inducing agent, also named unconditioned stimulus (US). The choice of a novel taste such as saccharin was made because CTA is more effective when the CS is unfamiliar (39, 52) .
The subjects were divided into four main groups: the animals that acquired aversion through CS pairing (CTA group, n ϭ 12), the nonconditioned group for which the US was paired with saline injection (CS-Ctrl group, n ϭ 17), another control group with animals that experienced the malaise without coupling to the CS (US-Ctrl group, n ϭ 5), and the animals that acquired the aversion and subsequently extinguished it by repeated daily applications of the CS stimulus (EXT group, n ϭ 16).
The behavioral paradigm for CTA acquisition is described in Fig. 1 On the subsequent test days (TD), rats were presented for 10 min once a day, with a multiple choice of six pipettes of 3 ml each, three filled with distilled water, and three with saccharin. Small volume pipettes ensured a more equal exposure to both fluids and prevented the satiation effect (53) . Preference for one solution over the other was assessed by measuring the aversion index: AI ϭ (milliliters of water) ϫ 100/(milliliters of water ϩ milliliters of Sac).
Gustatory cortex intrinsic signals were measured after test day 2 in the CTA and CS-Ctrl groups (see Intrinsic Signals Imaging and Stimulation). Some animals of the CS-Ctrl group were not imaged (n ϭ 4) and were used to create a baseline of the AI over the entire period of testing days (TD1 to TD9, AI base ϭ 13.16 Ϯ 1.77). The EXT animals were imaged when the recovery of the preference with respect to the CS-Ctrl baseline was at least 80% for 2 consecutive days (or, conversely, only 20% of maximal aversion maintained). This occurred generally after TD7 (Fig. 3B ) and corresponds to the following: AIrecovery ϭ AI base ϩ (AI CTA (TD1) Ϫ AI base ) ϫ 20/100 ϭ 26. All paired statistical comparisons between conditions were performed by using a two-tailed unpaired t test.
Intrinsic Signals Imaging and Stimulation. Eight animals per group were imaged (five in the US-Ctrl group); the others were either included only for the behavior analysis or died during the imaging experiments. The surgical and imaging procedures are described in detail in ref. 13 . The stimulation procedure is described in SI Text.
Data Analysis. All analyses were performed by using custom programmed Matlab scripts. The images obtained for presentations of the same tastant were averaged in each individual rat. Frames were averaged over a 2-s period, 1 s after stimulus onset (13) . The relative amplitude responses were obtained by dividing the average of the first 15 blank frames of each data acquisition period (representing a respiratory cycle of Ϸ500 ms). Unspecific and diffused darkening of the cortical region after stimulus application (DC shift) was treated with a 2D Gaussian high pass filter (1/2 ϭ 50 pixels), whereas a temporal low pass elliptic filter ( fstop ϭ 2 Hz; fpass ϭ 1 Hz; Rstop ϭ 50 dB; Rpass ϭ 1 dB) was used to reduce the effect of heart beat and respiratory artifacts.
The correlation indices between the amplitude maps to saccharin and quinine were calculated for every animal considering the responses averaged over a 2-s period, 1 s after the stimulus.
